The two-iron-sulphur co-ordination centre in plant and algal ferredoxins is considered as a collection of charged ions whose net negative charge is twice that of the one-ironsulphur protein rubredoxin. Calculation of the electrostatic free-energy changes for reduction of the two types of proteins indicates that the redox potential of the twoiron-sulphur proteins should be more negative than that of the one-iron-sulphur protein and that in biological systems the ferredoxins should function as one-electron transfer proteins.
Two-iron proteins characterized by acid-labile sulphide and redox potentials, Eo values at pH7, between -0.405V (Arnon, 1965) and -0.420V Tagawa & Arnon, 1968) have been isolated from a large number of plants. Such proteins constitute part of a much larger class of iron proteins characterized by a variable number of iron atoms, inorganic acid-labile sulphide and a wide range of redox potentials, which participate in electron-transfer reactions. In each of these reactions, the proteins function as one-electron redox components and the valence state of one of the two-iron atoms changes from +3 to +2 (Fry et al., 1963) . Several models (Blumberg & Peisach, 1965 ; Van Voorst & Hemmerich, 1966; Beinert et al., 1965) have been proposed to account for various chemical and spectroscopic properties of these proteins.
The present paper considers an electrostatic model for plant and algal ferredoxins as a theoretical basis for correlating the structures of plant and algal ferredoxins with their redox properties.
Formulation of the Model and Computational Results
A proposed structural model (Rao et al., 1971 ) for plant and algal ferredoxins corresponding to a cluster complex with the two iron atoms each tetrahedrally co-ordinated to mercaptide ligands and sulphide ions is represented in Fig. 1 . We suggest that the reduced form of the cluster may have a similar structure except for the change in valence of one of the iron atoms from +3 to +2. Such a cluster may be compared with the iron-sulphur complex of the one-iron atom protein, rubredoxin (Fig. 2) , for which the iron is also tetrahedrally co-ordinated to four cysteinyl mercaptide ligands (Herriot et al., 1970) . We suggest that the cluster complex in these ferredoxins corVol. 133 responds to two 'fused' single-iron rubredoxin complexes with the sulphide-bridging ligands each corresponding to two cysteinyl mercaptide ligands. To a first approximation the difference in redox potentials of these proteins may be attributed to the difference in electrostatic free-energy changes accompanying the one-electron reduction ofthese systems. To emphasize the significance of these effects we may superficially characterize the iron complex in rubredoxin as a complex of net charge -1 in its oxidized state. Correspondingly, the oxidized two-iron complex illustrated in Fig. 1 for ferredoxin corresponds to a complex with net charge -2. Reduction of each of these systems corresponds to the addition of an electron to a Fe"' ion. Such a reduction decreases the charge on the iron ion from +3 to +2 and increases the negative charge on the rubredoxin-type complex to -2. Correspondingly, the addition of an electron to the cluster complex in ferredoxin decreases the charge on one of the iron atoms and increases the negative charge on the cluster to -3. Thus it should be electrostatically more difficult to add an electron to the cluster complex in ferredoxin than it should be to reduce the complex in rubredoxin. The actual extent of the difference in redox potentials will depend on the charge distributions in the complexes and the resultant sum of all electrostatic interactions. As an approximation point charges are used to characterize the average distribution of charge in the co-ordination centres. The charges on the iron and sulphur atoms may be much lower than the formal charges indicated as a result of the effects of covalency. The use of formal charges on the iron and sulphur atoms in the present model maximizes the electrostatic potential energy of each of the systems in both their oxidized and reduced states. As a result, the calculated differences between the electrostatic potential-energy changes for reduction of the complexes represent minimum values. The electrostatic potential-energy changes for the reduction of such complexes correspond to electrostatic contributions to the free-energy changes. The difference between these changes may be related to the difference in redox potentials in volts between the cluster and the single-iron atom complex. The electrostatic potential energy (U) corresponding to the interaction of two charged species is:
47re0 Dr where k is a proportionality constant, q and q' are the charges on the two species, c0 is the permittivity of the free space, D is the microscopic dielectric constant and r is the distance between point charges.
The electrostatic potential energy (Uld,) for the oxidized (ox.) cluster model of ferredoxin in Fig. 1 The electrostatic potential energy (U-d.) of the oneelectron reduction complex (Fig. 1) , which we will refer to as the semi-reduced (s-red.) state, is given by:
where the distances separating metal ions and ligands are considered to be the same as those in the oxidized state. The change in electrostatic potential energy (AUOx. -*s-red.) corresponding to the one-electron reduction of the cluster complex is thus given by: 41roEoD
The reported bond lengths and bond angles in rubredoxin are distorted from that of normal tetrahedral symmetry (Herriot et al., 1970) . Likewise, the symmetry about the iron atoms in the ferredoxins appears to be distorted from that of a normal tetrahedron Rao et al., 1971 A(AU' =ArrFd.-. 
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The value for AEo is dependent on the bond length and the microscopic dielectric constant (D) characteristic of the medium separating the charges.
An average Fe-S bond length of 2.305 A (0.2305nm) in rubredoxin may be calculated from measured Fe-S bond lengths. This value compares with an average Fe-S bond length of 2.360A (0.2360nm) for iron tetrahedrally co-ordinated to four sulphur ligands in bis(imidotetramethyldithiophosphino-SS)-iron(II) (Churchill & Wormald, 1971 (Tagawa & Arnon, 1968) and rubredoxin (Eo' -0.057V) (Lovenberg & Sobel, 1965) AE' is -0.363 V. Thus we may observe that a value of D = 7.67 would provide an effective correlation between the proposed model and the difference between the redox potentials of the two proteins. Such a microscopic dielectric constant for the metal-ligand complex corresponds to an internal molecular dielectric constant, Di (Kirkwood & Westheimer, 1938) , which for the present system describes the polarization of metal and ligand orbitals in the formation of metal-ligand bonds. The above value for D is significAntly greater than 1 and may thus be interpreted as a measure of the extent to which the metal-ligand co-ordination centres deviate from pure ionic systems. The present model may be further evaluated by considering the second one-electron reduction ofthese ferredoxins as indicated in Fig. 3 . The electrostatic potential-energy changes for this reaction may also be compared with those for the one-electron reduction of the single-iron ferric complex in rubredoxin. The potential-energy difference may similarly be related to the difference between the second redox potential of ferredoxin and the redox potential of rubredoxin. The value of D noted above may be used to estimate 
Discussion
The present electrostatic model for the two-iron plant and algal ferredoxins has been considered to account for the very low redox potentials of these proteins relative to the redox potentials of other iron-sulphur proteins also co-ordinated to sulphide and/or cysteinyl mercaptide ligands.
The structural model considered in this report appears consistent with most recent electron-nucleus double resonance (ENDOR) (Fritz et al., 1971) , Mossbauer Rao et al., 1971) , magnetic susceptibility and spectroscopic studies (Eaton et al., 1971) . It has been noted (Arnon, 1965; Rao et al., 1971; Fee et al., 1971) , however, that studies of these proteins and their proposed models have not yielded a satisfactory rationalization of their redox potentials.
It may further be observed that such studies have not provided a satisfactory explanation for the oneelectron acceptor properties of these proteins in biological electron-transfer reactions. Based on the proximity of the two-iron atoms, Gibson et al. (1966) suggested that the extra electron of the ferrous complex in the semi-reduced state would be on a molecular orbital which would take it on to the ferric complex, reducing the electron affinity of the ferric complex, thus preventing it from also accepting an electron. However, such a delocalization of the charge density about both of the iron atoms would on the average have the effect of only partially decreasing the electron affinity ofeach of the ferric sites, such that both sites should together have a combined residual affinity for accepting an additional electron.
An alternative view presented here is that in the oxidized state the complex with each iron in its ferric state surrounded by four cysteinyl mercaptide and two sulphide ligands is already 'electron rich' (corresponding to a net charge of-2) by comparison with the single-iron, ferric complex in rubredoxin having a net charge of -1. The electrostatic model predicts that the iron cluster in ferredoxin should have less electron affinity than that of rubredoxin. Further, this viewpoint accounts for the fact that these ironsulphur proteins do not normally act as two-electron acceptors, since the addition of a second electron corresponds to an increase in the net charge on the cluster from -3 to -4, which may be expected to involve a correspondingly much higher free-energy change than the first electron reduction. The second one-electron redox potential calculated above is much less than that of the low-potential photosystem in plants. This observation is therefore consistent with the fact that these proteins function as one-electron transfer carriers.
We may conclude that the present electrostatic description of the two-iron sulphur co-ordination site in the plant and algal proteins may be sufficient to account for their redox potentials relative to that for rubredoxin and for the one-electron acceptor property of these proteins. The electrostatic model considered here should however not be identified with a simple ionic model for the iron-sulphur coordination centre in these proteins. On the contrary, the thorough spectroscopic studies of these two types 1973
of proteins indicate that a pure ionic description of the iron co-ordination centre is not justified. The consideration of a microscopic dielectric constant greater than 1 is consistent with the covalent character of the metal-ligand bonds. Yet the electrostatic model is not inconsistent with previously described molecular orbital models of these proteins Thomley et al., 1966) which provide an interpretation of their magnetic and spectroscopic properties. The present model, however, emphasizes the importance of considering the effect of the net charge on each of the iron centres in explaining their relative redox properties.
